Abstract: Exposure of cells to ultraviolet radiation (UVR) is one of the best studied and most used model system for the examination of the biological effects of DNA damage, its repair and tolerance. The major product after UVR treatment is cyclobutane pyrimidine dimer (TT, TC, CC). Pyrimidine dimers are repaired by a direct reversal called photoreactivation or by excision of damage in a process of nucleotide excision repair. Several methods have been developed for the detection and quantification of pyrimidine dimers in DNA. The technique of Small and Greimann, in which DNA is incubated with the pyrimidine dimer-specific endonuclease, was used for the analysis of mutant strains with impaired excision repair system of the unicellular green alga Chlamydomonas reinhardtii. Another method is based on the binding of specific monoclonal antibodies to pyrimidine dimers. The aim of our work was to compare these two techniques with the use of mutant strains of C. reinhardtii -uvsX1 and uvsX2 which are assumed to be deficient in DNA damage recognition. One of their traits was sensitivity to UVR which could be caused by breakdown of the excision repair pathway. The results suggest that the immuno-approach is suitable for the detection of DNA damage induced by UVR.
Introduction
DNA damage detection and repair is one of the most important systems to prevent accumulation of DNA injury as it imparts viability and functional integrity to cells after mutagen treatment. Because there are so many different types of damage, organisms have also evolved different types of DNA repair mechanisms. Cyclobutane pyrimidine dimers (CPDs) are the primary genetic damage induced by ultraviolet radiation. It can be repaired by a light-dependent process called photoreactivation or by dark repair, such as nucleotide excision repair, that can repair the damaged DNA without light. The effect of UV light to DNA of different living organisms has been investigated for a long period of time. Several methods have been developed for the detection and quantification of CPDs in DNA, e.g. Southern hybridisation-based assay (Bohr & Okumoto 1988) , the 32 P-postlabelling assay (Phillips 1997) , highperformance liquid chromatography (HPLC) (Cadet et al. 1983) , gas chromatography-mass spectrometry (GC-MS) (Podmore et al. 1996) , polymerase chain reaction (PCR) (Kalinowski et al. 1992 ) and immuno-coupled PCR (ICPCR) (Denissenko et al. 1994 (Denissenko et al. , 1996 . Lesionspecific enzymes, such as T4 endonuclease V and UVendonuclease from Micrococcus luteus, have also been used for the quantification of CPDs by electrophoresis in alkaline agarose gels (Seawell et al. 1980; Sutherland & Shih 1983 ). In addition, a variety of assays have been developed recently which allow DNA damage formation and repair to be examined at increasingly smaller regions of the genome, e.g. at the gene and nucleotide levels (Chandrasekhar & Van Houten 2000; Karakoula et al. 2003; Jiang et al. 2007) .
Chlamydomonas reinhardtii is a single-celled, photosynthesizing alga which is widely used as a model system for plants. This alga possesses both photoreactivation and dark repair for CPDs removal that operate in nuclear and plastid genomes (Small 1987; Small & Greimann, 1977b) . In the preliminary experiments, Swinton & Hanawalt (1973a,b) failed to detect excision of pyrimidine dimers in irradiated C. reinhardtii wild-type cells after 24 h incubation under nonphotoreactivating conditions. However, using a more sensitive assay for pyrimidine dimers, in which DNA was labeled with [
3 H] adenine instead of 32 P, Small and Greimann (1977a) proved the ability of Chlamydomonas to remove pyrimidine dimers from nuclear DNA in the dark. This method was used for the characterization of many C. reinhardtii repair-deficient strains (Small & Greimann 1977a; Vlček et al. 1987 Vlček et al. , 1997 . Some disadvantages, e.g. radioactivity, technical diffi-culties, time-consumption, brought us to the comparison of this method with another modern, sensitive immunochemical method that is about to be used for the characterization of C. reinhardtii repair-deficient mutants included in the collection of C. reinhardtii strains in the Department of Genetics (Comenius University, Bratislava, Slovakia).
Material and methods

Strains
The wild-type strain of Chlamydomonas reinhardtii (cc137, mating type +) was obtained from Prof. René F. Matagne, University of Liège (Belgium). The repair-deficient mutant uvs9 was obtained from G. D. Small, University of South Dakota (USA). The UV-sensitive strains designed as uvsX1 and uvsX2 were isolated in our laboratory (Department of Genetics, Comenius University, Bratislava, Slovakia).
Media
Liquid and solid media were prepared according to Starr (1971) . 
Detection of CPDs
The number of pyrimidine dimers in DNA extracted from UV irradiated cells was determined by measuring the number of breaks introduced by a UV-specific endonuclease. We used the method of Small and Greimann (1977a) . Chlamydomonas was grown in TAP medium in the presence of 3 µCi/mL of 2-[ 3 H] adenine for two days. The cells were centrifuged, washed with TAP medium and resuspended to a cell density of 5 × 10 5 cells per mL. Thirteen ml were irradiated in a 15-cm Petri dish with 30 J m −2 using a germicidal UV lamp. Six mL of the irradiated cells were removed immediately after irradiation for DNA extraction and the reminder was placed in the Erlenmeyer flask and incubated in the dark at 26
• C with shaking for 24 h. The extracted DNA was dialyzed overnight in 1 L of 0.05 M Tris-HCl, 0.1 mM EDTA, pH 7.5.
The incubation mixture for treatment with the UVspecific endonuclease contained 0.1 mL of the dialyzed DNA, 0.05 ml of 0.1 M NaCl and 10 µL of the UV-endonuclease (56 units). Incubation was for 30 min at 37
• C. The reaction was terminated by transferring 0.1 mL to the top of an alkaline sucrose gradient previously overlaid with 0.1 mL of 1 M NaOH. The gradients, linear from 5 to 20% sucrose, contained 0.5 M NaCl, 1 mM EDTA and 0.2 M NaOH. Centrifugation was for 150 min at 84 000 g at 20
• C in a SW 50.1 rotor. Approximately 20 fractions from each gradient were collected into small tubes. An equal volume of 1 M NaOH was added and the tubes were incubated at 37
• C for 4 h to hydrolyze the RNA. Following hydrolysis, the DNA was precipitated with acid and filtered using glass fiber filters pre-rinsed with a solution of 50 µg/mL adenine. The filters were washed twice with cold 10% trichloroacetic acid (TCA), twice with 80% ethanol, dried and counted in a toluene based scintillation fluid.
Detection of CPDs using immunoassay
The immunoassay was modified according to the methods described by Cenkci et al. (2003) and Sinha et al. (2001) . For each strain tested, 45 ml of culture (OD700 = 0.85) in a 15-cm diameter Petri dish was irradiated with 30 J m −2 using a germicidal UV lamp and then incubated in the dark to prevent photoreactivation. Samples (15 mL) for DNA extraction were taken before (control), at zero time and 24 h after UV irradiation. Following RNA hydrolysis, 250 ng DNA in 200 µL denaturation buffer (1.5 M NaCl, 0.5 M NaOH) was spotted on a nylon transfer membrane (Nytran supercharge, Schleicher & Schuell) pretreated with 2× SSC. The membrane was treated with neutralization solution (1 M Tris, 2 M NaCl, pH 5) and baked for 2 h at 80
• C to immobilize the DNA. Subsequently, the membrane was incubated overnight in blocking reagent (Roche), 1% (v/v) in phosphate-buffered saline (0.14 M NaCl, 3.4 mM KCl, 10.1 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4 + 0.1% (v/v) Tween 20. Thereafter, the membrane was incubated for one hour with an anti-thymine dimer specific monoclonal antibody (Abcam) at a 1:2500 dilution, followed by one-hour incubation with horseradish peroxidase-conjugated secondary anti-mouse antibody (Abcam) at a 1:4000 dilution. Chemiluminescence (ECL) was used for detection.
Results and discussion
In this study, we compare two techniques used for CPD detection in algae. The method of Small and Greimann (1977a) , which uses the UV-endonuclease from M. luteus, is very sensitive but time-consuming and technically very difficult. The second one uses antibodies raised against CPDs. In our experiments we used C. reinhardtii mutant strains uvsX1 and uvsX2 that were isolated according to their higher sensitivity to UV irradiation. Putative defect in their excision repair system was tested by two different methods of CPDs detection. The results of the Small and Greimann method are shown in Figs 1-3. For each experiment, the sedimentation profiles of the DNA in alkaline sucrose gradient with and without the UV-specific endonuclease treatment are shown. Figs 1a and 1b show the ability of the wild-type strain to remove pyrimidine dimers introduced by ultraviolet light. After 24 h incubation in the dark pyrimidine dimers were repaired, hence DNA was not split by UV-specific endonuclease. Mutant strain uvs9, which is defective in pyrimidine dimers removal (Small & Greimann 1977a) , was used as a control. Figs  2a and 2b show that the sedimentation profiles of the DNA extracted immediately after irradiation and after 24 h incubation in the dark are the same. Figs 3a and 3b illustrate that uvsX1 mutant is defective in the removal of pyrimidine dimers from its DNA, because incubation in the dark did not lead to a significant reduction in the number of dimers. The mutant strain uvsX2, similarly to uvsX1, is blocked in CPDs removal according to this method (data not shown). Fig. 4 shows the results from an antibody spot test (or immunoassay) modified according to Cenkci et al. (2003) and Sinha et al. (2001) . After 24 h incubation in the dark the signal still persisted in mutant strains uvsX1 and uvsX2 but not in wild type. Thus we con- firmed the deficiency in the removal of CPDs in the mutant strains used.
Immunoassay is a widely used method for the detection of CPDs removal in cyanobacteria, algae (Sinha et al. 2001; Cenkci et al. 2003; Wei et al. 2004 ) and humans (Lo et al. 2005) . Moreover, monoclonal antibodies against cyclobutane thymine dimers are used in immunofluorescence microscopy for the detection of photorepair (Roza et al. 1991; Al-Adhami et al. 2007) .
In summary, this paper presents a comparison of Small and Greimann (1977a) method and immunoassay, used for the detection of CPDs in C. reinhardtii. Immunoassay is a simple and efficient method using blotting and chemiluminescence to visualise the CPDs. It requires neither radioactive labelling of DNA nor detection by agarose gel electrophoresis, where ethidium bromide is used to stain the DNA.
